The tremendous potential of the plant microbiome to improve plant growth and production means that microbes are in the process of becoming an everyday tool in agronomic practices. However, historically field applications of microbes have had low success. We propose that development and optimization of microbiome treatments will benefit from the integration of ecological and evolutionary niche theory into plant microbiome studies. Thus, we review several niche-based processes that can aid in the development and implementation of microbiome treatments. Current predictive approaches include evolutionary history, habitat origin, ecological traits, resource trade, and gene signatures, none of which are mutually exclusive. A robust predictive framework must further account for observed plasticity and context dependence in microbial function. Development of microbiome treatments that will successfully establish in the field can also benefit from a better understanding of niche-based processes such as niche partitioning to limit competitive interactions and maximize persistence, priority effects to allow establishment before resident taxa, storage effects that take advantage of temporal variation in niche availability, and local adaptation to specific environments. Using endophytic fungi as examples, we illustrate current knowledge and gaps in these areas. Finally, we address existing limitations to the broad-scale development of successful microbiome tools.
The plant phytobiome goes beyond the plant to consider both its biotic interactions and environmental conditions. The plant microbiome is one component of the phytobiome that is being increasingly viewed as a source of new tools for managing plant growth and production. The expected utility of the plant microbiome is based on evidence that microbial populations and communities affect plant fitness by, for example, moderating plant responses to stress caused by heat, drought, limited resources, insects, and pathogens (Arnold et al. 2003; Castillo Lopez et al. 2014; Johnson et al. 2015; Rodriguez et al. 2010) . Indeed, our understanding of the controllers of plant physiology and physiological plasticity are being modified by studies of the plant microbiome (Arnold and Engelbrecht 2007; Giauque and Hawkes 2013) . Microbial treatments are particularly appealing as a way to overcome limitations of plant breeding, including observed trade-offs in crop yield and stress resistance (Tack et al. 2016 ) that are expected to restrict yield improvements to 7 to 15% under future climate scenarios (Challinor et al. 2014) .
The use of microbiome tools in agriculture requires the development of native or engineered microbial populations or communities that can be inoculated on the plant (Farrar et al. 2014; Kumar et al. 2016; Mueller and Sachs 2015; Rodriguez et al. 2004 ). However, many past efforts at microbial inoculations have been ineffective in the field, both in improving plant performance and in persisting over time, despite strong support from greenhouse studies (Van Veen et al. 1997) . These failures are most likely caused by the use of microbes targeting specific benefits or functions, regardless of how those microbes may interact with complex microbial communities already residing in the plant. We postulate that to effectively exploit the enormous potential of the plant microbiome, plant-associated microbial communities must be considered in an ecological context.
In particular, we argue that most microbiome processes are nichebased, with the microbial niche defined as all of the ecological requirements and roles of an organism in the plant ecosystem (Table 1 ) (Chase and Leibold 2009 ). The fundamental niche of a species is reduced by interactions with other species to its actual or realized niche (Hutchinson 1957) , which ultimately means that species cannot coexist if they occupy the exact same niche space due to competition (Gause 1934; Hutchinson 1957) . Conversely, niche partitioning (Table 1) is expected to reduce competitive interactions, lead to variation in environmental tolerances, and allow for coexistence (Tilman 1999) . From a niche-based perspective, predicting microbiome functioning as it relates to plant performance and developing robust treatments depends on our understanding of microbial interactions, community assembly processes, and environmental conditions. Most efforts to date have focused on single microbial taxa as inoculants, but these are likely to have lower success and be less persistent when faced with resident microbial communities.
We start by addressing niche-based ecological and evolutionary approaches for broad-level prediction of microbiome effects on plants. Specifically, we focus on factors potentially related to niche partitioning or overlap: evolutionary history (phylogeny), habitat, ecological traits, resources, and genes. In addition, we discuss how microbial plasticity and the environment can alter the outcome of plant _ microbe interactions and intended benefits. We then examine how niche processes in the field can serve as both impediment or opportunity for the establishment and persistence of microbiome treatments. These include niche partitioning based on function, temporal variation in arrival (priority effects), environmental variation over time (storage effects), and environmental variation across habitats (local adaptation). For each ecological process, we further consider methods of study and application. Finally, we point out some of the barriers to implementing niche-based microbiome treatments, Coexistence Multiple species inhabit the same community, and their relative abundances remain stable over time. (Chesson 2000) Competition Interactions between or within populations in which both are negatively affected. (Gause 1934) Complementarity Communities comprised of species that differ in at least one niche dimension can enhance function and occupy more niche space than expected based on individual species. Can arise from niche partitioning or facilitation. (Loreau and Hector 2001) Community assembly Processes that shape species composition and abundance in a community. (Kraft and Ackerly 2014) Dispersal limitation and distance-decay Spatially limited dispersal caused by limited propagules (e.g., spores) and/or spread; often inferred from distance-decay patterns with steeper slopes between community similarity and geographic distance indicating more limited dispersal. (Terborgh et al. 2011) Endemism Species distributions are limited to a defined geological area. (Crisp et al. 2001) Fitness Relative contribution of an individual's genes to future generations in a given environment.
(Dobzhansky 1937)
Habitat-adapted benefits Symbionts adapted to local abiotic (e.g., heat, salt, drought) stressors can more generally benefit plant hosts subject to the same stress conditions. (Rodriguez et al. 2008) Local adaptation Populations evolved to have higher fitness in a specific environment. (Kawecki and Ebert 2004) Neutral/stochastic processes Community assembly results from random colonization, extinction, and drift events.
(Hubbell 2001)
Niche All requirements of a species for survival and reproduction in a given environment, and impacts on the environment.
(Chase and Leibold 2009)
Niche-based processes Community assembly results from environmental filtering, biotic interactions, and trade-offs among species.
(Chase and Myers 2011)
Niche overlap Degree of ecological similarity among co-occurring species; increasing overlap increases competition and limits coexistence. (Macarthur and Levins 1967) Niche partitioning Degree of separation among species in niche space; greater separation reduces competition and supports coexistence. (Macarthur and Levins 1967) Phylogenetic conservatism Organismal traits controlled by shared ancestry, such that more closely related taxa have more similar ecological characteristics.
(Ackerly 2009)
Phenotypic plasticity The ability of species to produce different phenotypes in response to different environmental conditions.
(West-Eberhard 1989)
Priority effects Species that arrive first in a community preempt space and/or alter conditions, thereby preventing colonization by later arriving species. (Fukami 2015) Resilience The ability of a community to regain function after a perturbation. (Pimm 1984) Resistance The ability of a community to maintain function, at similar levels, in the face of a perturbation. (Pimm 1984) Resource competition Competition among species for limited resources; trade-offs in resource requirements can support coexistence. (Tilman 1977) Species sorting Spatial niche partitioning caused by local environmental conditions that filter species by environmental tolerances. (Leibold et al. 2004) Storage effect Temporal niche partitioning caused by fluctuating environments; requires that species respond differently to different environments, competition covaries with environment, and species have a life-history trait that protects (buffers) them from unfavorable environments.
(Chesson 2000)
Trait-based prediction Taxon-independent ecological characteristics used to link basic biological processes with community dynamics. (Adler et al. 2013) including the potential role for neutral processes, technological issues, and scaling of inoculum production. In order to further delve into the role of these ecological concepts in microbiome applications, we focus on horizontally transmitted fungal endophytes in leaves and roots as examples. These fungi, including foliar endophytes, root endophytes, and arbuscular mycorrhizas, are a functionally important component of the plant microbiome known for mediating plant stress physiology, nutrient uptake, and resistance to insects and pathogens (Hamilton et al. 2012; Hartley et al. 2015; Newsham 2011; Oelmüller et al. 2009; Redman et al. 2002; Worchel et al. 2013) . Because of these benefits, fungal endophytes are a common target and are already used for agronomic applications such as insecticides, whereas mycorrhizal fungi are common soil additives. There is also evidence that endophytic fungi are shared across related host plants (Giauque and Hawkes 2016; Higgins et al. 2014) , enhancing their potential value for use in multiple crops. However, the ideas presented here also apply to the broader phytobiome, which essentially defines the full abiotic and biotic components of the realized plant niche.
PREDICTING MICROBIOME EFFECTS ON PLANTS
The ability to predict how individual microbial taxa and interactions among microbial taxa affect plant traits is key to the development of microbial populations and communities as plant management tools. Basing prediction on niche processes can help to optimize treatment development and application because niche theory uses species interactions to understand which taxa can coexist in the plant. For example, microbial populations can be targeted based on potential facilitative interactions with resident microbiota. Similarly, niche predictions can be used to develop stable treatment consortia where the probability of long-term coexistence is maximized. In addition, identifying general predictors of whether a microbial population or community is beneficial or detrimental for plant traits of interest, such as growth, drought tolerance, and pathogen resistance, will facilitate understanding the basic drivers of the symbiosis and advancing beyond unique special-case treatments. There are currently five putative predictors for fungal function: shared evolutionary history, habitat origin, ecological traits, resource-based interactions, and fungal genomics. Support exists for each framework, but no generalizations can be made at this time.
Evolutionary constraints on how symbionts function in plants would make for relatively simple predictions given associations based on phylogenetic relatedness in the microbiome. Specifically, if more closely related species are more functionally similar, then function in untested microbial taxa could be predicted from close relatives that have been studied (Martiny et al. 2015) . We might also expect, for example, that if function is phylogenetically conserved (Table 1) , then microbiome treatments comprised of phylogenetically related taxa would be more likely to compete. Arbuscular mycorrhizas show phylogenetic conservatism for root colonization, soil hyphal network size, and some host benefits (Maherali and Klironomos 2007; Powell et al. 2009 ), meaning that different genera have characteristic traits that may be important for how they interact with the plant, such as a predominance of hyphae inside versus outside the root. To date, however, no strong phylogenetic conservation has been observed for any traits of root or leaf endophytic fungi, possibly because of the evolutionary instability of many fungal lineages that have repeatedly shifted between endophytic and pathogenic lifestyles (Delaye et al. 2013 ). In addition, horizontal gene transfer in fungi occurs at the rate of 1.8 to 4.1% of genes per genome and can undermine phylogenetic patterns, particularly in the Pezizomycotina that encompasses many genera of fungal endophytes (Wisecaver et al. 2014 ). Using phylogenetic information to predict microbial function in symbiosis may be more suited to obligate symbionts compared with facultative symbionts. Nevertheless, there have been few studies of endophytes in this context and a wide variety of in planta functional data are needed to better assess the potential for phylogenetic relatedness to play a role in predicting the outcomes of symbiosis.
Habitat origin effects are predicated on the idea that microbial adaptation (Table 1) to the local abiotic environment generates consistent function in symbionts, whereby microbial benefits to the plant are likely to be conferred across multiple hosts in matched environmental conditions. Such habitat origin effects have been observed in which fungi isolated from native plants in geothermal or salt-stressed habitats improve plant tolerance of related stressors in crop plants (Redman et al. 2011; Rodriguez et al. 2008 ). However, habitatadapted benefits (Table 1) were not found for foliar endophytes across a less severe stress gradient (Giauque and Hawkes 2013) . It is possible that geographic isolation (which limits gene flow) and the strength of selection may play a role, where fungi that are more isolated in extreme environmental conditions are more likely to develop habitat-adapted benefits. Alternatively, fungal species can sort (Table 1) by environmental preference or tolerance and those may be decoupled from their function in symbiosis (Giauque and Hawkes 2013, 2016) . Because most endophytes are not obligate symbionts and have life stages both inside and outside of plant hosts, their selective environments are complex. Determining which habitat characteristics (e.g., degree of stress and isolation) transcend fungal life stages and select for plant-beneficial traits is a necessary step in identifying indicators of habitat-adaptation.
Ecological traits can be used instead of individual microbial species identities when those traits represent specific functions or outcomes in symbiosis. Traits have been proposed to explain several fungal community processes including assembly, interactions, and distributions (e.g., Saunders et al. 2010 ), although few have been explicitly tested. Most microbial trait frameworks (Table 1) invoke individual traits and trade-offs from macroorganismal ecology, such as competitor-stress tolerator-ruderal theory (Chagnon et al. 2013 ) and related dominance-tolerance models (Crowther et al. 2014) . In these theories, trade-offs are expected based on resource investment in different ecological strategies that affect species abundance, such that good competitors can dominate productive, stable ecosystems but have low tolerance for stress and poor dispersal capacity. For instance, competitive dominant fungal taxa may become abundant because they can obtain more carbon from plants, which can be beneficial if the fungus provides some service to the plant (e.g., pathogen protection) when carbon is available in excess (e.g., photosynthesis is not constrained by shade or drought). However, under stressful conditions a fungus with traits for competitive dominance may harm the plant by using limited carbon and preventing its allocation to other plant needs. Thus, we might expect a trade-off between competitive dominant strategies for fungi in productive habitats versus stress tolerant fungi in more stressful abiotic or biotic sites, which could prove predictive of plant benefits from those fungi in treatment consortia.
Given that microbes occur in complex communities, another possibility is that traits should be considered at the community level based on metagenomic or metatranscriptomic profiles (Fierer et al. 2014; Jiang et al. 2016) , meaning that functional genes or gene expression summed across taxa might better represent the overall community function compared with individual microbial species characteristics. For example, metagenomic analysis of the endophyte community in rice roots revealed genes for detoxification of reactive oxygen species and most components of the nitrogen cycle, suggesting a role in plant stress tolerance and nutrient access (Sessitsch et al. 2011) . Nevertheless, the presence of genes and information on their expression provides only an indicator of potential function and as such are traits that must still be connected to actual function in order to make them useful for prediction. Although a benefit of trait-based approaches is that they require no prior assumptions about mechanism, functional response traits at either individual or community levels can result from complex underlying mechanisms including multiple metabolic pathways. Thus, a perpetual challenge with trait-based approaches is translating the conceptual framework into a quantitative operational approach; Adler et al. (2013) suggest explicitly linking traits to coexistence mechanisms to facilitate trait-based prediction.
Resource-based models are primarily applied to arbuscular mycorrhizal fungi. These models assume that the relative amounts of available plant carbon, soil nitrogen, and soil phosphorus, and the trade balance between plant and fungus, control how mycorrhizal fungi function across the continuum from parasitism to mutualism (Johnson 2010 ). Experimental manipulations demonstrate that mycorrhizal fungi are more likely to be mutualists when phosphorus is limited and more likely to be commensals or parasites when nitrogen is limited . Thus, soil nutrient status may predict the degree of benefit provided by plant _ mycorrhizal interactions.
Similar resource-based models also may apply to horizontally transmitted root endophytes that play a role in nutrient uptake. In horizontally transmitted leaf endophytes, resource-based models likely need to consider carbon supply balanced against other nonresource fungal benefits; for example, we might contrast the idea that the degree of stress benefit provided by foliar endophytes is proportional to current or recent carbon availability with one that assumes that fungal composition shifts under stress toward more stressbeneficial fungi regardless of carbon. Many fungal endophytes can use host carbon substrates in vitro and produce a broad array of enzymes for carbon degradation (Carroll and Petrini 1983; Govinda Rajulu et al. 2011; Longoni et al. 2012 ); however, resource-based models have not been explicitly tested in root or foliar fungal endophytes. To begin applying resource-based models to endophytes, basic data on fungal-plant physiological interactions are needed, including rates of fungal sugar uptake, carbohydrate degradation from cell walls, nutrient exchange, and stress benefits, as well as how their balances shift under different resource and stress levels.
In addition to these ecological approaches to microbiome functional prediction, fungal genomics may prove useful for forecasting functional potential. The increasing number of fungal genomes and genomic tools can facilitate comparative genomic and transcriptomic analyses to identify genes of interest for target functions (Grigoriev et al. 2014; Wisecaver et al. 2014) . Genes are being discovered that permit the symbiont lifestyle (pathogenic to mutualistic) and regulate physiological effects on the plant, synthesis of secondary metabolites, and so on (Soanes et al. 2008; Wang et al. 2015; Zouari et al. 2014) . For example, comparative genomic and transcriptomic analysis of the endophytic fungus Pestalotiopsis fici found 1.3 to 4.0× more genes encoding for candidate pectinases and other carbohydrate-active enzymes and 1.2 to 74.0× more secondary metabolite gene clusters compared with 17 other fungi including pathogens, decomposers, mycorrhizas, and other endophytes (Wang et al. 2015) . Genomics studies can generate hypotheses for how the fungal endophyte symbiosis operates, such as the potential for fungal use of pectin in living plant tissue. As more data accumulate, genomics can be used to predict the fungal niche, potential competitive or facilitative interactions among taxa, and effects on the plant host (Zelezniak et al. 2015) .
None of these predictors are necessarily mutually exclusive, but their disparate development means that few studies have attempted to simultaneously assess their relative importance. For example, only two studies have addressed phylogeny, habitat, and traits in fungal endophytes. For 36 foliar endophytes grown with Panicum virgatum seedlings, traits related to fungal stress tolerance and resource use predicted plant responses only in drought-stressed conditions, and phylogeny only mattered when considering interactions with fungal traits and habitat origin (Giauque 2016) . In contrast, for 128 root endophytes, phylogeny was the best predictor of fungal behavior on growth of Arabidopsis thaliana and Microthlaspi erraticum, whereas both phylogeny and traits predicted growth of Hordeum vulgare (Kia et al. 2016) . Partitioning the contributions of multiple predictors is important for understanding the ecology and evolution of these systems.
Integration of multiple approaches may improve functional predictions for microbiome effects on the host plant. For example, phylogenetic constraints on fungal distributions might predict their habitat or resource associations and thereby indirectly predict specific functions related to host stress or nutrient benefits. Although a single robust predictor would be a boon for screening and application development, the few studies to date suggest that any predictive framework is likely to include multiple predictors at the intersection of phylogeny, historical habitat conditions, and ecological traits that will depend on both the target benefits and current environmental conditions.
CONTEXT DEPENDENCE AND PLASTICITY
Predicting microbiome function must also account for environmental change and microbial functional breadth. Most microbes are phenotypically plastic (Table 1) in their responses to abiotic and biotic conditions (Angelard et al. 2014; Scaduto and Bennett 2015) , meaning that trait expression for a given microbial genotype depends on the environment. Endophytic fungi can shift both the direction (beneficial or detrimental) and magnitude of their effects on plants as the environment changes (Giauque and Hawkes 2013; Goh et al. 2013 ). For example, across 36 foliar endophyte taxa, correlations of plant traits in drought versus well-watered conditions ranged from 8% for transpiration efficiency to 76% for height growth rate (Giauque 2016) . Similar shifts can be seen for some endophytic fungi across plant hosts or genotypes (Mandyam et al. 2012; Petrini et al. 1993; Sikes et al. 2009 ). Indeed, fungal endophytes are known to switch from commensal or mutualist to pathogenic lifestyles depending on conditions (Carroll 1988; Jumpponen 2001; Schulz and Boyle 2005) , with only a few genes differentiating the two states (Delaye et al. 2013; Redman et al. 1999) . Although plasticity has been repeatedly demonstrated for individual microbial strains, for treatment applications we must also begin considering how plasticity affects interactions among taxa and how microbiome treatments affect plant plasticity across environments.
Plasticity in plant microbiome applications can be a benefit if environmental dependence is understood and shifts in endophyte physiology still meet the overall target treatment goals. Endophytes or communities of endophytes that are sufficiently plastic to persist under different environmental conditions, such as periodic drought, might be selected for microbiome treatments based on net benefits to plant survival even if, for example, they shift from mutualistic under drought to slightly parasitic under well-watered conditions. In contrast, endophytes that transition to pathogenic lifestyles when the plant host is stressed clearly would be poor choices. As our understanding of plant microbiome plasticity grows, combinations of taxa ranging from high-plasticity generalists to low-plasticity specialists may be able to buffer treatments across multiple environmental conditions akin to a functional storage effect (see below).
Although most studies focus on fungal plasticity, the mycobiome also affects plant plasticity (Goh et al. 2013) . For example, shoot biomass plasticity of plants inoculated with endophytes was 1.8× that of endophyte-free control plants when measured with a standardized plasticity index; however, this effect varied across 20 individual endophytes from 0.16 to 7.8× (Giauque and Hawkes 2013) . The effects of endophytes on plant plasticity have the potential to be beneficial for the host by expanding environmental tolerances and increasing resilience in unpredictable environments (Nicotra et al. 2010) . Nevertheless, we understand very little about the relationship between fungal endophytes and plant plasticity. To exploit this aspect of endophytes in microbiome treatments, baseline studies are needed to establish general patterns of which plant traits are affected, whether fungi from different regions or with different phylogenetic histories have different impacts on plant plasticity, and under what conditions plasticity is induced by the fungi.
ESTABLISHMENT AND MAINTENANCE OF TREATMENTS
Implementing desired microbiome treatments in the field requires target microbial taxa to establish and persist when and where needed. Based on niche theory, we expect deterministic processes to dominate when both abiotic and biotic filters are strong: environmental filters such as temperature and precipitation will screen out taxa that cannot survive under local conditions, while interactions with the host plant and other components of the microbiome act as biotic filters (Chase and Myers 2011) . Furthermore, niche-based competition and facilitation among microbial taxa can lead to unexpected functional effects (Connor et al. 2017; Jonkers et al. 2012) . Niche partitioning can thus serve as a foundation for the development of microbial treatments designed to leverage community assembly processes. Here we address the role of niche partitioning by function (overlap and interactions), time (priority effects), environmental change over time (storage effects), and spatial variation in the environment (local adaptation). We describe how these processes can both hinder and facilitate plant microbiome treatments, which is also diagrammed in Figure 1 and examples are provided in Table 2 .
Niche overlap and interactions. Understanding the fundamental and realized niche for fungal endophytes can facilitate designing mycobiome treatments that pass local environmental and host filters, as well as promote coexistence (Table 1) among members of the fungal community that are coinoculated. Determining fundamental niche dimensions for individual fungi and what niche space is actually occupied in the presence of other fungal taxa can be challenging due to complex fungal life cycles, fungal plasticity, and difficulty in measuring fungal fitness. We can, however, infer likely niche factors such as environmental and host preferences based on distributional data. Turnover of leaf endophyte taxa at regional to continental scales suggests partitioning by climate across multiple host plants ( Giauque and Hawkes 2016; U'Ren et al. 2012; Zimmerman and Vitousek 2012) . At smaller scales, two closely related endophyte taxa that inhabit roots of Phragmites australis were separated by niche preferences for dry versus flooded habitats (Ernst et al. 2011) . Arbuscular mycorrhizal taxa in roots more frequently coexist (Maherali and Klironomos 2012) and maintain communities with more taxa (Maherali and Klironomos 2007) when the starting fungal species are more distantly related, consistent with reduced niche overlap (Table 1) . Partitioning across host plants may likewise depend on host divergence: endophyte communities are often similar between related hosts (particularly grasses), and generally show increasing dissimilarity with host phylogenetic distance (Arnold and Lutzoni 2007; Giauque and Hawkes 2016; Higgins et al. 2014; Öpik et al. 2009; Wearn et al. 2012) . Thus, climate, habitat, and host plant will likely need to be considered to some extent when designing field treatments.
When considering functional outcomes of species interactions in the microbiome, both niche overlap and complementarity (Table 1) can generate nonadditive effects via competition and facilitation (Cardinale et al. 2007) . Microbes are known to produce unique metabolites and express unique sets of genes in cocultures compared with monocultures (Bertrand et al. 2014; Jonkers et al. 2012) . Such interactions also scale up to effects on the plant host. In Panicum virgatum grown in drought conditions, the degree of nonadditivity in foliar endophyte interactions compared with the effects of individual endophytes depended on divergences in fungal metabolomic profiles; fungi with less similar metabolites had greater nonadditive benefits on host plant growth and wilt resistance (Connor et al. 2017 ). Additional interaction studies that address coexistence and effects on the host, carried out in planta, are much needed for microbiome treatment development.
Because niche processes are expected to control fungal community assembly and effects on the host, microbiome treatments should ideally account for both interactions within the treatment community and potential interactions with new taxa that arrive via dispersal. Niche overlap is already being considered in the development of endophyte treatments for biocontrol of pathogens (Blumenstein et al. 2015; Cavaglieri et al. 2004) . For example, endophytes with carbon use profiles that overlap pathogens are likely to compete with those pathogens and potentially reduce infections. In addition, microbiome communities created to maximize niche occupancy may help make such treatments more resistant to invasion by new arrivals (Eisenhauer et al. 2013) . To do so, however, requires an understanding of which niche dimensions are most important for symbiont interactions-plant carbon and space in the plant are two seemingly obvious niche factors for which microbiome taxa might compete, but others are likely to play a role.
Although the majority of plant microbiome studies focus on single taxa, experimental tests of niche overlap and interactions in cultures and in the greenhouse are a feasible method for determining optimal microbiome assemblages sourced from limited areas or focused on a subset of the microbiome such as endophytic fungi. However, scaling up to whole-plant microbiomes and from greenhouse patterns to regional or larger-scale field tests is challenging and costly, underscoring the importance of targeting consortia that have a higher probability of success. One potential approach to reduce the number of initial possible microbiome communities is to characterize the realized niche from biogeographic patterns of sequenced microbiomes, which provide information on the combination of ecological requirements and biotic interactions under which taxa exist in real-world ecosystems. Co-occurrence and mutual exclusion patterns of existing microbiomes can also be used to predict interactions (Berry and Widder 2014; Faust and Raes 2012) and form the basis for modeling initial microbial mixtures for application tests.
Combining microbial co-occurrence with models of genomic or metabolic networks can predict microbial niche overlap and associations of taxa, genes, and functions with the host condition. For example, a genome-scale metabolic modeling approach was combined with co-occurrence data by Zelezniak and colleagues (2015) for 800 communities characterized by 16S rRNA across a wide array of habitats; the authors identified groups of co-occurring microbes that likely exchange metabolites and support community growth under nutrient limited conditions. The authors suggest that recurring groups of microbial taxa linked by cooperative behaviors represent a fundamental aspect of microbial community structure. Community network approaches can similarly advance our understanding of plant _ microbiome interactions. A recent study of Arabidopsis thaliana phyllosphere microbes identified strongly interconnected "hub" taxa that had cascading effects on growth and diversity in the broader community (Agler et al. 2016) . Such hub taxa could provide the basis for community microbiome treatments. In addition, co-occurrence, genomic, and metabolic patterns along environmental and temporal gradients may be useful for identifying resistant and resilient (Table 1) communities associated with various host states. Nevertheless, links must be established between modeled and actual function in the host. Methods are being developed to make the integration of co-occurrence, genomic, and metabolic network models a more accessible approach (Cao et al. 2016; Cardona et al. 2016; Hanemaaijer et al. 2017; MendesSoares et al. 2016; Zomorrodi and Maranas 2012) .
Priority effects. The concept that order of arrival plays an important role in community assembly has a long history in ecology (Gleason 1926) , with the expectation that priority effects (Table 1) occur through either niche preemption or niche modification (Fukami 2015) . Consequently, variation in assembly order can result in diverse local communities occurring under the same environmental conditions (Chase 2003; Márquez and Kolasa 2013) . For example, in root endophytes and arbuscular mycorrhizas, arrival order of both the plants and the fungi leads to divergent root fungal communities (Hausmann and Hawkes 2010; Sikes et al. 2016) . Priority effects can act as a hindrance to microbiome treatments if nontarget taxa arrive first and preempt resources or alter the niche space, ultimately preventing treatments from successfully establishing (Fukami 2015) . Conversely, applications of plant microbiome treatments could take advantage of priority effects to improve the probability of establishment success in field settings.
Priority for microbiome treatments can enhance establishment, persistence, and function. For example, fungi sprayed on newly emerged leaves may face no or few competitors while establishing. In plants as diverse as lima beans and elm trees, priority application of endophytic fungi inhibits infection by later-arriving pathogens (AdameAlvarez et al. 2014; Miles et al. 2012 ). Some endophytes with priority allow subsequent colonization by other mutualists, but not by related pathogens (Redman et al. 2001 ); more generally, early-arriving species have more negative effects on more closely related species that arrive later (Peay et al. 2011) . Moreover, increasing the lag between arrival of the first arbuscular mycorrhizal fungus and an invasive mycorrhizal Fig. 1 . Overview of mechanisms that can be exploited for (or act as a hindrance in) the implementation of plant microbiome treatments. A, Niche partitioning can reduce competition and facilitate coexistence and persistence of treatments. B, Niche overlap results in competitive exclusion by the most fit species in a given environment. C, Priority effects allow initial-arriving treatments to exclude later-arriving species. D, Lack of priority (simultaneous or later arrival) of microbiome treatments may prevent establishment due to competition with residents. E, Storage effects take advantage of temporal variation in niche availability to support species coexistence. F, Lack of temporal variation in environmental conditions removes this dimension of niche space and may result in competitive exclusion. G, Local adaptation of microbiome treatments can allow taxa or consortia to exclude other microbes. H, Mismatches between microbial adaptation and environmental conditions can result in loss of treatment taxa. Graphs in the left column indicate niche distributions of microbiome treatment taxa; graphs in the right column indicate species abundances in microbiome treatments (gray, blue, and yellow) relative to residents (black) over time that depend on niche distributions. Diagrams indicate these outcomes in the leaf. Maize drawing by Patrick Connor. Higher fungal survivorship at site of origin compared with nonhome site (Weinbaum et al. 1996 ) Acaulospora elegans Scutellospora calospora
Arbuscular mycorrhizal fungal communities

Andropogon gerardii
Fungal community benefit to host is matched to local resource availability (Johnson 2010) Arbuscular mycorrhizal fungal communities
Cynodon dactylon
Fungi from different climate regions have different host effects, but unaffected by experimental temperature (Antunes et al. 2011 ) Poa pratensis fungus decreases the success of invader establishment (Werner and Kiers 2015) . Facilitating priority for belowground establishment may require seed or root dips given the ever-present nature of soil microbes and the challenges of root applications postplanting. Maximizing the time span between which microbiome treatments are applied and subsequently challenged by immigration may also be possible; for example, when seedlings are initiated in the greenhouse before transplantation outdoors.
However, when developing microbiome tools that take advantage of priority effects, we must also consider that these may be transient states (Fukami and Nakajima 2011) ; for example, turnover of the microbiome may occur as plants grow from seedling to juvenile to adult (Husband et al. 2002) . In cases of transient states, priority effects may be leveraged to implement initial treatments that initiate a desired trajectory or are combined with other approaches targeting later stages. For example, because the strength of priority effects can depend on niche overlap or phylogenetic relatedness between early and later arriving taxa (Tan et al. 2012) , stage-specific treatments might be designed to support invasion of later applications. Finally, environmental filtering can overcome assembly order when the filter is severe, such as under drought (Chase 2007) , meaning that use of priority effects in microbiome treatment applications will likely work best when there is also a good environmental fit.
For some species and consortia, arriving first will always translate into competitive dominance; for others, however, priority in arrival will not prevent colonization by later-arriving species (Kennedy et al. 2009 ). Development of initial priority strategies may be informed by culture-based studies that elucidate potential indicators of niche preemption or niche modification and are likely to correlate with subsequent competitive dominance. Examples of potential priority indicators include traits representing competitive ability, habitat or resource modification, or resistance to invasion (e.g., growth rates, carbon use profiles, enzyme activities, and production of inhibitory metabolites). Saunders et al. (2010) screened endophytic fungi in culture for the ability to detoxify 2-benzoxazolinone, a common byproduct of maize defense compounds, finding that Fusarium species and other endophytes that could tolerate the toxin had a colonization advantage. Other studies of wood decay suggest that biochemical resource alteration or combative ability may play a role in fungal priority (Hiscox et al. 2015; Ottosson et al. 2014) . Further studies that quantify how priority indicators in culture relate to priority effects in the plant are required to confirm that culturebased findings can be translated to in situ processes in the plant host.
Storage effects. The storage effect (Table 1) extends niche partitioning to fluctuating environments based on the idea that community dynamics can be regulated by niche opportunities that vary over time. For example, under intermittent abiotic stressors such as periodic drought, species with higher growth rates under ambient versus drier conditions will be alternately favored as conditions shift. For storage effects to occur, species' population densities must respond differently to the environment and resist extinction under unfavorable environments (e.g., via dormancy); given these conditions, fluctuating environments should limit competitive interactions and allow for coexistence (Warner and Chesson 1985) . Though never applied to symbionts, the storage effect has been demonstrated in freeliving microbes in microcosms. For instance, variation in temperature over time allowed for coexistence of two diatom species that had different temperature optima (Descamps-Julien and Gonzalez 2005) and also overcame priority effects in bacteria and yeast nectar communities (Tucker and Fukami 2014) . There are indications that the storage effect could contribute to variation in plant-associated microbial community composition and abundance over time. For example, fungal endophytes have different temperature and moisture requirements for optimal growth (Zhang et al. 2013) , which should facilitate shifts in species abundances over time as the environment changes. Environmental regulation of symbiotic fungal species abundances is further supported by observed seasonal shifts in community composition of both foliar endophytes and arbuscular mycorrhizas (Dumbrell et al. 2011; Unterseher et al. 2007; Wearn et al. 2012) , although specific temporal patterns can be site-specific as observed for cotton endophytes (Ek-Ramos et al. 2013 ). However, seasonal sampling does not capture how the microbiome might respond to critical environmental stress events during a given season.
The storage effect is particularly appealing as a tool in systems where symbiotic fungi both differentially contribute to plant growth versus stress responses and have different environmental tolerances. One possibility is for fungi that promote plant growth under optimal conditions to be paired with fungi that enable survival under stressed conditions, with fungal coexistence supported when the abundance of each species is also linked to their function under these environmental conditions. Conversely, if fungi contribute the same benefit but are abundant under different environments, the storage effect could be exploited to create functionally stable microbiome communities that are continually active. Given this potential, the storage effect is worth further study as a tool for manipulating plant microbiomes despite the difficulty in parsing the role of multiple environmental variables in controlling fungal abundances (Giauque and Hawkes 2016) .
Identifying how environmental fluctuations affect niche conditions relevant for microbial symbionts is nevertheless challenging because the phytobiome environment is highly dynamic. Plant photosynthesis, for example, will vary across daily to seasonal to annual time scales (and presumably thereby create different niche opportunities by affecting carbon supplies for microbial symbionts). Thus, exploiting environmental variability may only be feasible in sites that have a few, strong forces driving differential patterns among taxa in how growth depends on the environment. For example, fungal communities in grasslands are largely regulated by temperature and precipitation, allowing for potential niche separation over time as these two factors vary (Dumbrell et al. 2011; Giauque and Hawkes 2016) ; similar temporal niche variation should occur in low-input agricultural systems dependent on water from rainfall. Furthermore, storage effects will only occur when population growth rates are high enough to both limit invasion by new species under favorable conditions and sustain populations during unfavorable times. Although treatment applications can overcome this limitation with high levels of inoculation, Verbruggen et al. (2013) estimated that 7 tons per hectare of arbuscular mycorrhizal fungi would be needed to match native population densities in agricultural systems. Therefore, this approach may be more suited for situations where microbiome treatments can be applied to newly emerged leaf tissues, which would also allow for integration of priority and storage effects. In addition, persistence of fungi through periods of suboptimal conditions can be enhanced by selecting fungal taxa that invest in spore production and have rapid growth rates during recovery.
Local adaptation. Although evolution of populations to be more suited to local environments (i.e., local adaptation; Table 1 ) is well known for macroorganisms, historically, microorganisms were thought to have widespread dispersal with largely cosmopolitan species and no local adaptation (Martiny et al. 2006) . The topic remains somewhat controversial (Bruns and Taylor 2016; Davison et al. 2015) , but recent studies demonstrate dispersal limitation and endemism (Table 1) in fungal taxa (Adams et al. 2013 ) that supports potential local adaptation. Indeed, there is good experimental evidence for adaptation of fungi to local environmental factors and biotic interactions. For example, arbuscular mycorrhizal fungi are specialized to local soil resources (Johnson 2010) and climate (Antunes et al. 2011) , with declining populations over time when moved to new locations (Weinbaum et al. 1996) . In addition, as indicated earlier in regard to habitat-adapted fungi, fungal endophytes from high-stress locations confer benefits to distantly related host plants consistent with local adaptation to environment rather than host (Redman et al. 2011; Rodriguez et al. 2008) . There is also an extensive literature documenting local adaptation of pathogens to host plants (reviewed in Kraemer and Boynton 2017) . If local adaptation proves to be widespread for beneficial microbiota, then treatment development will require a local or regional focus, or one that matches environments to fungal fitness.
Exploitation of existing local adaptation for microbiome treatment development can support persistent microbial communities that resist arrival of later immigrants, including those that are preadapted to the local conditions (Vanoverbeke et al. 2016) . Conversely, breaking the structure of local adaptation by moving taxa into novel hosts or habitats can undermine microbiome treatments unless conditions are well matched to fungal optima. Habitat-adaptation, for instance, might be exploited beyond the site of origin to sites with similar selective conditions. However, any specialization to host, climate, or edaphic factors constrains the scope of microbiome treatment applications. Additional study is required before our understanding of microbiome adaptation will be on par with plants, including the potential to extrapolate geographically to adaptation regions (Vogel et al. 2005) .
Existing local adaptation is not necessarily static, as contemporary forces can drive ongoing evolution. Rapid local adaptation of taxa in microbiome treatments can act as a boon (selection for reinforcement) or a hindrance (selection that shifts function away from targets). Little is known about the rate of adaptation in endophytes, but rapid adaptation of other microbial taxa has been shown in cultures and microcosms (Bell and Gonzalez 2009; Pantel et al. 2015; Wiser et al. 2013) . Given that many endophytic fungi have complex life cycles spent partly as symbionts and partly free-living, multiple selective regimes may constrain the rate of evolution in response to single environmental factors. Nevertheless, evolutionary stability is likely to be short term for many microbes.
Detection of local adaptation requires the demonstration of a genotype _ environment interaction, where the target microbial population has higher fitness in its local habitat compared with immigrants to that habitat (Kawecki and Ebert 2004) . Common approaches to test local adaptation include field reciprocal transplants, common garden experiments, and similar lab tests where key habitat properties are manipulated. For example, Antunes et al. (2011) tested for temperature adaptation of arbuscular mycorrhizal fungi by growing pairs of conspecific isolates from different climates at two temperatures. Fungal growth was not affected by temperature, but isolates from cool versus warm origins differentially affected plant growth (Antunes et al. 2011) . Demonstrating microbial fitness can be challenging for fungi, but growth rate is often considered a suitable proxy. However, when studying the outcome of symbiosis with the goal of agricultural management, we are more interested in how locally adapted microbiome taxa affect the fitness of the plant host compared with those that are not locally adapted. For instance, generalist taxa or communities that can grow well in multiple conditions may confer similar but lower benefits regardless of environment while local specialists that grow best under limited conditions may provide larger benefits under some environments and smaller benefits under others. Understanding these potential contrasts will be important in determining which microbiome treatments are selected and when they are applied.
BARRIERS TO MICROBIOME TREATMENT DEVELOPMENT AND APPLICATIONS
Despite the expected dominance of deterministic niche processes, neutral processes (Table 1) are also likely to contribute to microbiome communities, which can affect treatment applications. In contrast to niche theory, a neutral/stochastic framework assumes that all species are ecologically identical, such that differences in community composition and diversity are due to random colonization, extinction, and drift (Hubbell 2001) . For example, stochastic colonization and extinction dynamics are expected when the regional species pool is substantially larger than the local community (Chase and Myers 2011) . Microbes are often assumed to have enormous diversity and abundance in the regional pool due to widespread dispersal of spores, but recent work suggests dispersal limitation, endemism, and local adaptation are common (Adams et al. 2013; Antunes et al. 2011; Johnson 2010) . Few studies have explicitly addressed the contribution of neutral processes to the assembly of fungal endophyte communities. Using distance-decay patterns (Table 1) , Goldmann et al. (2016) inferred that root-associated fungal communities were less subject to neutral processes compared with soil fungal communities. At global scales, arbuscular mycorrhizal fungal communities are generally associated with environmental conditions and plant communities (Davison et al. 2015; Kivlin et al. 2011) ; however, when global data are analyzed within habitats, community patterns were better explained by neutral or stochastic processes (Powell and Bennett 2016) .
The relative importance of neutral versus niche processes remains an area of active study and continued debate, but stochasticity will play some role (Chase and Myers 2011) . For example, we should expect microbiome treatments to be continually challenged by immigration with some random colonization success and to face random extinction events even when optimized for the existing niche space. Treatments can be built to minimize these effects by taking advantage of niche processes that create resistance and/or resilience (Table 1) of the treatment community to invasion. Treatments that are designed to be resistant or resilient will persist or rapidly recover their composition and function in the face of immigration challenges; niche processes can be leveraged to maximize resistance/ resilience while minimizing colonization success by maximizing niche occupancy. In addition, repeated microbial applications may be used to shift the balance away from the local species pool and toward the applied microbiome, as well as to overcome stochastic extinction or colonization events that may alter the target treatment. Plant microbiome treatment development must therefore consider the combination of niche and neutral processes at play: effective microbiome treatments will work in the context of the environment, existing microbial communities, microbial immigration, and stochasticity (Cottenie 2005; Kinkel et al. 1989) .
Progress is rapidly being made in our understanding of the plant microbiome, but we still lack sufficient basic data on microbial biology in situ to quickly develop widespread, ecologically robust treatments. Current industry applications are typically focused on single microbial taxa paired with individual crops, such as BioEnsure Corn and Rice (Adaptive Symbiotic Technologies) and Indigo Cotton (IndigoAg). We argue here that the future of microbiome treatments needs a community context, both in terms of assembling treatment consortia that can coexist and applying treatments that will persist in the context of resident microbiota in the plant host. To optimize microbiome treatments from a niche perspective requires more information on the microbes, which can be provided in part by high throughput screening of microbial taxa and their functions in symbiosis under an array of experimental conditions and in diverse communities. However, to reduce the scope of screening required when selecting putatively beneficial microbes that often fail to provide benefits in field settings, we can narrow our choices by considering predictions from the ecological processes described herein. The question of potential unintended consequences of microbial introductions must also be addressed when microbiome treatments are developed from nonlocal taxa.
Other limitations are technological. For instance, the use of microbial genomes is likely to be increasingly helpful for forecasting function and treatment development as more genomes are sequenced and added to public databases. However, definitively linking genes to function is a long process, requiring tools from ecology, physiology, and molecular biology. We also require an understanding of intraspecific genomic variation in order to build a framework that successfully accounts for local genotypes.
Finally, the application of microbial amendments at large-scales is still in its infancy and optimal crop-specific application strategies have yet to be developed. Current methods for endophyte applications include seed coatings (Pedrini et al. 2017 ) that can be used to create priority for target fungi. Typical seed coating methods include spores, conidia, or hyphae applied as dustings or suspensions in water, oil, or polymers (O'Callaghan 2016). Microbial seed coatings may be combined with other coatings that benefit seed germination and seedling vigor, such as hydrogels and growth promoters, but these mixtures will need to be tested. Vertically transmitted symbionts or early seed colonizers also present an option for delivery internal to the seed. An alternative is direct spraying of endophytic fungal inoculum onto leaves, which can be timed to create priority on new vegetation or repeated throughout the growing season as a way to mitigate competitive superiority of locally adapted populations that might otherwise drive treatment taxa to extinction.
Obligate symbiotic mycorrhizal fungi are added as spores or colonized root fragments in soil inoculum, typically obtained from cost-effective cultivation of a single host plant in soil-or substratebased production systems; substrate-free and root organ culture methods that produce contaminant-free propagules have been developed, but are still relatively expensive (IJdo et al. 2011) . Although soil inocula will always compete with the existing soil microbial community, single applications can result in important transient effects or might initiate specific microbial community trajectories. For example, only 1 out of 24 root endophytes was detectable after 6 months in the greenhouse even for fungi that were given priority, but nevertheless the original inocula affected plant emergence and final biomass (Sikes et al. 2016 ).
CONCLUSIONS
The plant microbiome is a clear target for agronomic development and fungal endophytes in particular are likely to be successful tools for improving plant growth and stress tolerance in ways that complement traditional plant breeding approaches. Industry is already leading the charge for scaling up and high throughput phenotyping. However, most of this work has focused on single species applications. Future research in a community context, from genes to physiology, will be needed for microbiomes to become a commonplace fixture in our agricultural toolkits. We focused on fungal endophytes here, but the entire phytobiome, including interactions with viruses, bacteria, arthropods, nematodes, and so forth (Hartley and Gange 2009) , will also play a role in treatment efficacy and thus integration across these components is much needed. The niche processes that we review here are examples of ways that ecology and evolution of plant-associated biota can be harnessed to increase the success of translating phytobiome communities from the lab to the real world.
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